INTRODUCTION
Human activities can cause the fragmentation and isolation of wild populations (Gaona et al., 1998) . Such changes may be irreversible, involving population declines that lead to extinction, or may be transient phases that are followed by population recovery and the re-establishment of a continuous distribution. Population declines can result from demographic and genetic mechanisms, and from both types of mechanism acting synergistically (Milligan et al., 1994; Mills & Smouse, 1994; Tanaka, 1998) . The demographic mechanisms involve rapid effects on rates of birth and mortality. The genetic mechanisms involve slower effects on levels of genetic diversity whose impact may not occur until after a high proportion of genetic diversity has been lost. Such effects may involve the expression of deleterious recessive alleles and the loss of heterosis through inbreeding (David, 1998) , and the reduced potential for evolutionary adaptation.
The effects of fragmentation on population viability have been discussed conceptually and theoretically (Alvarez-Buylla et al., 1996; Caughley, 1994; Doak & Mills, 1994; Lande, 1998) . However, it is often difficult to relate insights gained from theoretical models to real case studies due to the lack of empirical data of sufficient quality (Beissinger & Westphal, 1998) . In many cases, very little is known about a species in decline other than that its distribution has become progressively fragmented, or that some indirect measure of density has shown negative trends. Those parameters relevant to demographic models, such as the rates of birth, death, immigration and emigration, can be very difficult to estimate from field observations. Those parameters relevant to genetic models, such as initial population size, and the size and duration of the population bottleneck, will seldom be known by the time a species becomes a candidate for conservation measures. Data on current levels of genetic diversity may in many cases be easier to acquire than demographic data. Such data can be acquired from a variety of non-destructive and non-invasive samples (see papers by Palsbrall; Taberlet & Luikart, this volume) . How useful are such data likely to be for the assessment of population histories and the prediction of population trends? One way to answer this question is to study how current levels of genetic diversity differ among populations whose histories encompass a range of stable, fragmented and isolated states.
Previous studies of population fragmentation and genetic diversity have underrepresented some important topics. There are relatively few comparisons of diversity between continuous and fragmented states within the same species (but see Bouzat et al., 1998a; Gibbs, 1998; Paetkau et al., 1998) . In consequence, there is limited knowledge of how much genetic diversity is typically lost from continuous populations (Gompper et al., 1997) . It is also true that studies of the effects of fragmentation are biased towards species with high intrinsic growth rates, such as insects (Saccheri et al., 1998) , plants (Young et al., 1996) and small mammals (Gaines et al., 1997) . However, inbreeding depression is expected theoretically to make its greatest impact in species with low intrinsic growth rates (Mills & Smouse, 1994) . There is thus a need for more case studies of genetic diversity in continuous and fragmented populations of species having low intrinsic growth rates.
The Eurasian otter, Lutra lutra, in Scotland provides a good model system to address these issues. Some populations have survived in a naturally isolated state, while others have remained continuous, for at least several hundred generations. This species is likely to have a low intrinsic growth rate (Kruuk et al., 1991) 1977-79, 1984-85 and 199 1-94 . The surveys identified two distributions in mainland Scotland (Green & Green, 1997) . The larger distribution consisted of virtually all the mainland north of the industrialized Lowlands, which extend from Edinburgh on the east coast to Glasgow on the west coast. The Lowlands were largely unoccupied during the first and second surveys, and may have been unoccupied for 20 years prior to the first survey. The smaller distribution was located in the Borders and Dumfries & Galloway regions south and west of the Lowlands. This distribution was also known to be isolated from those further south in England (Strachan & Jefferies, 1996) . L. lutra also occupies three archipelagos well separated from the mainland (Shetland, Orkney and the Western Isles), and the islands surveyed in the Inner Hebrides, which are much nearer the mainland. The degree of isolation of these island populations varies enormously: 0.6 km of sheltered water separates Mull from the adjacent mainland in the Inner Hebrides, while 1 10 km of open sea separates Shetland from Orkney.
There is no evidence that the populations of L. lutra in Scotland are declining.
The gap in the Lowlands between the two mainland distributions described above may have been partly caused by organochlorine pesticide toxicity. This was the likely cause of the acute, severe declines that affected L. lutra populations in the rest of Britain and in continental Europe during the late-1950s and early 1960s (Chanin & Jefferies, 1978; Strachan & Jefferies, 1996) . Most regions surveyed by VWT showed increases in both the percentage of postive survey sites and the density of signs per positive site over the survey period. The surveys also documented expansions of the mainland distribution. The areas most affected by expansion were the Lowlands, virtually all of which were reoccupied between the second and third surveys, and Fife, which was gradually reoccupied during the whole survey period.
Although the quantitative relationship between sign density and L. lutra density is unknown and controversial (Kruuk et al., 1986; Kruuk & Conroy, 1987; Mason & MacDonald, 1987; Carss et al., 1998) , the VWT surveys suggest that L. htra in mainland Scotland has been stable or increasing in density in most areas over the past 20 years.
In this study, levels of genetic diversity were compared between continuous, fragmented and isolated populations of L. lutra in Scotland. It was expected that levels of genetic diversity would be inversely related to the degree of geographic isolation, since isolated populations are expected to have lower effective sizes than large continuous ones. It was also expected that the levels of genetic diversity within the larger mainland population would be homogeneous, since the process of dispersal that ensures population contiguity would also homogenise genetic diversity through gene flow. Lastly, evidence for departures from mutation-drift equilibrium in these populations was examined. It was expected that any such departures would not occur in the stable island and mainland populations, but only in the smaller mainland distribution due to its recent history of geographical separation. Genetic diversity was estimated as the levels of polymorphism of ten microsatellite loci (Dallas & Piertney, 1998) . These loci were assumed not to be subject directly to natural selection because they had been isolated solely on the basis of containing particular repeat motifs, and because microsatellites have no known generic function. In addition, these loci were assumed to be genetically unlinked because they had been isolated at random from the genome of L. lutra.
METHODS
Tissue samples of 496 L. lutra were acquired from collections of frozen carcasses.
Details of the sex, date found, and 0s map grid reference were available for most carcasses. Tissue samples were removed and stored in absolute ethanol before DNA extraction. Total cellular DNA was extracted using the salt-chloroform method (Miillenbach et al., 1989) A measure of the geographical separation between islands and the Scottish mainland was made (D, see Table 1 ). This measure was based on the assumption that successful dispersers are those taking the shortest possible over-sea route. D was therefore measured as the shortest over-sea straight-line distance from the coastline of the island where the individual was found to the Scottish mainland coastline, provided that no shorter over-sea steps were possible by moving between intermediate islands. In the latter case, a route was chosen from the island where the individual was found to the Scottish mainland coastline using the criterion that the route involved the shortest over-sea straight-line distance between intermediate islands. D was measured as this shortest distance. The D values involving such inter-island routes were measured as follows: from the southern-most point on the Shetland coastline to the northern-most point on the Orkney coastline (three Shetland groups), from Harris to Skye (Lewis), and from Scarba Is. to Seil Is. (Islay).
It was necessary to define spatial groups of individuals that did not combine genetically different subpopulations. This is because the intended measure of microsatellite diversity, unbiased heterozygosity (Nei, 1978) , would be upwardly biased in such groups. There was no basis to avoid such pooling prior to analysis because the spatial scale of population genetic subdivision of L. lutra in Scotland is unknown and because the locations of most individuals were not clustered. Groups were initially defined as follows. Co-occurrence of individuals on the same archipelago or island defined the island groups. Association with an area or catchment, e.g. Tayside or R. Dee, defined the mainland groups. Next, genetic composition within groups was tested for one-and two-locus genotypic equilibrium, and then for significant differentiation between groups. Groups showing strong heterozygote deficits were split into subgroups according to spatial criteria; for example, Shetland was split into three groups corresponding to the north and south mainland and the island of Yell. Subgroups were verified to be in genotypic equilibrium. Adjacent groups showing no differentiation were pooled and retested for genotypic equilibrium; for example, R. Don is a pooled group of individuals from the catchments of the R. Don, R. Deveron and R. Ythan. The 496 L. lutra analysed in this study were thus divided into 24 groups (mean size 2 1 individuals, range 6-50). The sex ratio in each group did not differ significantly from 50:50 according to Fisher's exact tests (data not shown). This suggests that the carcasses analysed in this study are not a biased sample of L. lutra in Scotland. There remained significant heterozygote deficits in five groups, and significant associations between loci in three groups (Table 1 ). The two types of genotypic disequilibrium did not occur in the same groups, suggesting that these effects did not arise from population mixing. The four groups showing overall heterozygote deficits of P<O.O 1 were excluded from subsequent analysis. The R. Dee group was included because the overall heterozygote deficit was not large (0.05>p>0.01) and because it was due largely to a deficit at one locus.
Values for the number of alleles and unbiased heterozygosity were calculated for each group using BIOSYS-1 (Swofford & Selander, 1981) . Tests of genotypic equilibrium and genetic differentiation were carried out using GENEPOP 3. lc Fisher's exact tests performed by the program STRUC provided with GENEPOP 3 . 1~.
Unbiased heterozygosity values were arcsine square-root transformed, then tested for significant differences between groups using paired-sample t-tests, as recommended (Archie, 1985) . One-tailed t-tests were used for comparisons between categories of groups because there was an u prion' expectation that the more isolated categories would have lower HU values, not higher ones. Two-tailed t-tests were used for comparisons within categories because there was no expected direction of any differences in HI, values.
The package BOTTLENECK (Cornuet & Luikart, 1996) was used to test whether groups showed genetic evidence for departures from mutation-drift equilibrium (MDE) as the result of population bottlenecks. Such evidence can be of two types. The first consists of higher levels of heterozygosity than expected given the number of alleles observed, the sample size, and the assumption that the sample was drawn from a population at MDE. Higher-than-expected levels of heterozygosity arise because population bottlenecks tend to eliminate rare alleles. Their loss reduces the observed number of alleles but has little effect on heterozygosity. Such excess heterozygosity is expected to be transient, lasting for 0.4-2.0 N, generations, where N, is the bottleneck effective size (Cornuet & Luikart, 1996) . Sign and Wilcoxon tests were used to assess whether a significant number of loci showed excess heterozygosity. The mutation process is explicitly modeled in the analysis, and has a large impact on whether a locus is considered to have a deficit or excess of heterozygosity. The alternative mutation models used are the infinite allele model (IAM) and the stepwise mutation model (SMM). These models represent the two extremes of the mutation process because the mode of mutaion for any given microsatellite locus is generally not known. The second type of genetic evidence for population bottlenecks consists of distributions of allele frequency that are significantly shifted from the expected L-shaped distribution through the loss of rare alleles . Two types of group were excluded from the analysis: those that showed strong excesses of expected unbiased heterozygosity relative to that expected at Hardy-Weinberg equilibrium (HWE**, Table l), and those that contained fewer than 10 individuals, as recommended.
RESULTS
The 24 groups of L. lutru (see Methods) were combined into the following six categories representing decreasing degrees of geographical isolation: Shetland, Orkney, Lewis, Inner Hebrides, Mainland 1 and Mainland 2 (Table 1 ). The four categories of island groups were based on four ranges of separation from the Scottish mainland: D> 100 km, 25 km>D>20 km, 20 km>D> 10 km, and D < 10 km, respectively. The two categories of mainland groups were based on the detection of two separate L. Zutru distributions in Scotland by the presence of signs, mainly spraints (Green & Green, 1997) . Mainland 1 groups are located in the smaller distribution south of the industrialized Lowlands, and Mainland 2 groups are located in the larger distribution north of the Lowlands.
It was expected that the categories would be ranked thus in order of increasing levels of microsatellite diversity: Shetland, Orkney/Lewis, Inner Hebrides, mainland 1, and mainland 2. The observed differences in diversity are summarized in Table  2 , and details of unexpected results are given in Table 3 . All three of the Shetland groups had significantly lower values of HU than all other groups. Orkney had a significantly lower value than all other groups except the Borders and Caithness, which had similar values. In contrast, Lewis had a value similar to all other groups except east Highlands and central Highlands, which had significantly higher values.
Likewise, the two Inner Hebrides groups had values similar to those of all other groups except central Highlands, which had a significantly higher value than both groups. Unexpectedly, Skye had a significantly higher value than Caithness. Both of the Mainland 1 groups had values similar to most of the Mainland 2 groups. Exceptions were that Borders had a significantly lower value than Argyll, R. Don, central Highlands and Strathclyde, and that Dumfries had a significantly lower value than central Highlands. There were no significant differences in values within the categories Shetland, Inner Hebrides and Mainland 1.
It was also expected that the levels of microsatellite diversity would be homogeneous among the groups in Mainland 2. No significant differences in values of HU were observed among most of the these groups (Table 2 ). Exceptions were that Caithness had a significantly lower value than four groups, that central Highlands had a significantly higher value than six groups, and that Argyll had a significantly higher value than the R. Dee. Thus, only a few exceptions to the pattern of homogeneous levels of microsatellite diversity were detected within Mainland 2.
Lastly, evidence for departures from mutation-drift equilibrium in these groups was examined. Such evidence can be of two types. The first consists of higher levels of heterozygosity than expected from the number of observed alleles and the sample size, provided there is no genetic subdivision within the sample (Cornuet & Luikart, of HU within 15 groups were significantly higher than expected, and whether the distribution of allele frequencies showed a significant mode shift. The remaining nine groups were excluded from the analysis, either because they showed strong excesses of HDc relative to HL (HWE**, Table I ), or because they contained fewer than 10 individuals. The results are shown in Table 4 . Two of the five island groups analysed, Shetland-Yell and Skye, showed significant excess heterozygosity, after both the sign and Wilcoxon tests, and under both mutation models (see Methods). These groups also showed a significant mode shift. The other three island groups showed no significant results. Both of the Mainland 1 groups analysed both showed a minor degree of excess heterozygosity and no mode shift. Both groups showed significant excess heterozygosity under IAh4 but not under SMM after the Wilcoxon test, Unexpectedly, three out of the eight Mainland 2 groups showed significant excess heterozygosity under both mutation models after both the sign and Wilcoxon tests, and all eight groups showed significant excess heterozygosity under IAM. Four of the groups showed a significant mode shift, although only one of these (central Highlands) also showed excess heterozygosity. In summary, both the island and Mainland 2 groups showed a similar rate of departures from MDE.
DISCUSSION
'The expected relationship between levels of microsatellite diversity and geographic isolation was observed in some but not all cases. Three mechanisms could maintain * S * (1:9) *** ** *** ** the higher levels of microsatellite diversity observed on the majority of islands than on Shetland. These are: natural selection, differences in effective population size, and gene flow from the mainland. This study was not designed to detect selection, so this possibility remains open. Selection has been shown to maintain diversity in both microsatellites and functional genes in island populations of red deer and Soay sheep (Pemberton et al., 1996; Paterson et al., 1998; Coltman et al., in press ). The levels of diversity of the microsatellites used in this study were assumed to reflect genome-wide diversity in L. lutra. It was assumed that these loci were not subject to natural selection directly, although the possibility of selection at linked loci cannot be excluded.
There is no evidence for low fitness in the populations of L. lutra on Shetland, despite their containing the lowest levels of microsatellite diversity of the entire Scottish distribution. Indeed, the density of the population on Shetland is probably well above average for this species (Kruuk et al., 1989) . A similar situation has been described for brown bears on Kodiak Island, Alaska. These bears exist at high densities despite containing the lowest level of microsatellite diversity known for that species (Paetkau et al., 1998) . However, these two extant populations will by definition have high fitness so they are likely to be a biased sample of genetically depauperate populations. Island populations tend to contain lower levels of genetic diversity and show higher rates of extinction than mainland populations in a wide range of species (Frankham, 1997) . The time scale of demographic changes may determine whether or not losses of genetic diversity are associated with decreased fitness. Studies of two species with medium and high intrinsic growth rates (a bird and a butterfly) have shown that losses of genetic diversity occurring over short time scales (fewer than 35 generations) can be strongly associated with decreased fitness (Bouzat et al., 1998b; Saccheri et al., 1998; Westemeier et al., 1998) . Although the processes leading to the loss of microsatellite diversity from L. lutra on Shetland and the brown bears on Kodiak Island are not known, the time scales involved are likely to be longer by at least an order of magnitude. It may therefore be true that measures of genetic diversity are useful to predict population trends only for recently perturbed species. (Cheylan, Granjon & Britton-Davidian, 1998) . In summary, gene flow appears to be a major factor boosting levels of microsatellite diversity in L. lutra on all Scottish islands except Shetland. The relative influences of natural selection and differences in effective population size remain to be assessed.
There was no prior expectation as to whether L. lutra in the smaller mainland distribution in southern Scotland would contain less microsatellite diversity than the larger mainland distribution further north. Data based on signs suggested that the smaller distribution had been transiently separated from the larger distribution from the mid-1950s to the mid 198Os, and may have become fragmented to some degree during this period (Green & Green, 1997) , which corresponds to approximately ten generations in L. lutra. However, there were no data to quantify either the sizes and degree of fragmentation of the southern populations, or the rate of gene flow across the gap. This study showed that the southern populations contained levels of microsatellite diversity almost as high as those in the larger mainland distribution. Assuming that the latter are similar to the pre-1950s levels in the southern populations, this study suggests that L. lutra populations in southern Scotland have sustained minor losses of microsatellite diversity. Any such losses are likely to be recovered rapidly because recent surveys of signs suggest that populations in southern Scotland have been reconnected to those further north through recolonization of the Lowlands (R. Green, unpublished data) .
It was reasonable to expect that levels of microsatellite diversity in the larger mainland distribution would be homogeneous because no gaps were detected in surveys of signs (Green & Green, 1997) . The process of dispersal that ensures population contiguity would also be expected to homogenize diversity through gene flow in such a mobile animal as L. lutra. Home ranges in L. lutra can cover up to 39 km in one direction (Green et al., 1984; Durbin, 1996; Sjoasen, 1997) , suggesting that gene flow can be effective over many times such distances. Although most results were consistent with this expectation, three exceptions were found. Central Highlands contained significantly more diversity than six other Mainland 2 groups, all but one of which were located near the coasts of the Scottish mainland. Caithness contained significantly less diversity than four groups scattered throughout the central, eastern and western Highlands. Lastly, Argyll on the west coast contained significantly more diversity than the R. Dee on the east coast. It is possible that further contrasts in microsatellite diversity among the continuous populations in mainland Scotland would be detected by more intensive, targeted surveys.
One possible explanation for such differences is that populations in low-quality sink habitat may be maintained by immigration from surrounding high-density populations. If the latter are genetically differentiated to any extent, the level of microsatellite diversity in the central-sink habitat may be higher than diversity in the surrounding populations due to mixture. This 'central-sink' model predicts that linkage disequilibrium may occur in mixed central populations provided the level of immigration is sufficiently high. On the other hand, there may be a low level of gene flow that is sufficient to boost levels of microsatellite diversity but not sufficient to create detectable linkage disequilibrium. No such disequilibrium was detected in the continuous mainland group showing the highest level of diversity (Central Highlands). A more targeted sampling scheme would be required to test this explanation adequately.
It was expected that any departures from MDE would be evident in the smaller mainland distribution, due to its recent history of transient decline. Evidence for such departures was not expected for the islands or the larger mainland distribution because sign data suggested that the populations in these areas were stable. Neither of the two groups from the smaller mainland distribution showed evidence for departures from MDE. In contrast, between five and 12 groups out of a total of 15 from the islands and the larger mainland distribution showed evidence for departures from MDE, depending on the mutation model assumed and on the test used to detect excess heterozygosity. The smaller mainland distribution may show a similar rate of such departures, but too few groups were analysed to reach any firm conclusion. These results were unexpected, and suggest that processes causing departures from MDE are common in stable populations of L. lutru in Scotland.
These results also provide an upper limit for the spatial scale of such processes. Within the Shetland archipelago, the island of Yell shows consistent departures while the north and south mainland groups do not. In Aberdeenshire, the R. Dee shows strong signatures while the adjacent R. Don does not. The occurrence of such departures in continuous populations may not stem from classic population bottlenecks but from such demographic processes as local fluctuations in population size, harem mating, or extinction-recolonization events (Pimm et al., 1989) . These results suggest that to interpret cases of excess heterozygosity or mode shifts as evidence for population bottlenecks in the absence of any demographic data may not be justifiable in all cases .
The interpretation of genetic data in terms of population processes in this study was constrained by the lack of demographic data of sufficient quality. Far from replacing ecological approaches, it is clear that the full potential of genetic approaches can only be exploited by synergy. This awareness is likely to focus the choice of model systems in conservation biology on species for which long-term high-quality datasets are available, and that represent the life history traits of more charismatic species of immediate conservation concern.
